Introduction
============

Sepsis, a systemic disorder secondary to a life-threatening infection, is characterized by initial hyperinflammaion, protracted host immunosuppression and multiple organ dysfunction. Sepsis-induced acute kidney injury (septic AKI), accompanied by multiple organ dysfunction, contributes to the high mortality in intensive care units (ICUs) [@B1]-[@B3]. Previous studies of septic AKI have focused on solutions to systemic hypotension, and currently, the consensus opinion is that tubular injury plays a pivotal role in progression of the disorder [@B4], [@B5]. Although septic AKI has been extensively studied, major advancements in anti-inflammatory and anti-apoptotic mechanisms indicate the need for further investigation.

Remote ischemic preconditioning (rIPC), a beneficial stimulus triggered by short episodes of ischemia and reperfusion (I/R) in remote tissues, was initially applied for cardiac protection [@B6]. Growing evidence has shown that the beneficial effects of rIPC can be observed in multiple organs with subsequent ischemic injury [@B7]. In renoprotection, rIPC is a practical method for reducing the incidence of AKI among patients after cardiac surgery [@B8]. Although previous data provide a better understanding of rIPC, the underlying mechanism of its modulation in remote tissues remains unknown. A series of humoral factors might constitute the protective mechanism of rIPC [@B9]-[@B11]. Cai et al. demonstrated that plasma IL-10 can be upregulated by rIPC for cardiac protection via activation of hypoxia-inducible factor 1α (HIF-1α) [@B12]. In addition to its role as a direct cytomediator, the effect of rIPC on modulating noncoding RNA expression has been reported, suggesting a novel mechanism through which rIPC exerts its effects [@B13],[@B14].

MicroRNAs (miRNAs) are small RNAs that exert pleiotropic effects in multiple pathological processes, including regulation of inflammation and cell apoptosis [@B15]. Moreover, the transport of miRNAs has drawn wide attention because miRNAs are more stable in circulation [@B16],[@B17]. Recent studies have implicated IPC (ischemic preconditioning; a stimulus is conducted on parenchymal organs, which subsequently experience long-term ischemic injury) as an important factor influencing miRNA expression [@B18]-[@B20], such as the variation in miR-21 levels post-IPC [@B21]-[@B22]. Our previous study showed that the miR-21 expression level increases after renal IPC and that its high expression protects kidneys from lipopolysaccharide (LPS)-induced injury [@B20]. We conducted the present study to 1) investigate whether limb rIPC, a modified preconditioning strategy conducted on bilateral femoral arteries, could upregulate the systemic miR-21 level to inhibit multiorgan injury, specifically, septic AKI and 2) to clarify the potential mechanism underlying the protective effect of limb rIPC against sepsis-induced injury.

In this study, we hypothesized that limb rIPC could ameliorate renal dysfunction in a mouse model of polymicrobial sepsis through crosstalk between skeletal muscles and kidneys by transferring exosomal miR-21 to the circulation. Elevated miR-21, originating from preconditioned limbs and possibly shuttled to the kidneys by circulating exosomes, suppressed systemic inflammation and renal tubular cell apoptosis. In addition, infusion of exosomes derived from myotubes cultured under hypoxia and reperfusion preconditioning or serum from rIPC-treated mice into miR-21^-/-^ or wild-type mice provided renoprotection against sepsis. Our research may provide a potential therapeutic modality for sepsis-associated AKI.

Results
=======

Limb rIPC protects against multi-organ injury in sepsis
-------------------------------------------------------

Using a mouse model of cecal ligation and puncture (CLP), we evaluated the effects of limb rIPC on multiorgan injury induced by sepsis. The interval between rIPC and CLP was 24 h. Compared with the CLP group, limb rIPC clearly relieved the kidney, liver and lung dysfunction, evidenced by the significant decrease in the level of serum creatinine (SCr), NGAL expression, alanine transaminase (ALT) and pulmonary edema formation (**Figure [1](#F1){ref-type="fig"}A-D**). During the seven days post preconditioning, rIPC improved the survival rate of mice challenged by CLP (**Figure [1](#F1){ref-type="fig"}E**). Accordingly, limb rIPC ameliorated the histological damage in mice challenged by 24 h CLP injury. In kidneys, alleviation of partial tubular vacuolization, brush border loss and inflammatory cell infiltration was observed in the outer strip of the outer medulla [@B23]. In the liver, the level of hepatocyte vacuolization was reduced with limb rIPC. We also observed that the CLP challenge accelerated lung injury, and limb rIPC significantly reduced the formation of edema and neutrophil infiltration in the tissue (**Figure [1](#F1){ref-type="fig"}F-G**).

Limb rIPC reduces inflammation and apoptosis in mice subjected to CLP
---------------------------------------------------------------------

Serum tumor necrosis factor (TNF-α) and interleukin 6 (IL-6) concentrations and their levels in the kidneys were analyzed, and elevation of these cytokines was primarily observed 24 h after CLP. rIPC significantly blocked elevation of these cytokines in the serum and kidneys (**Figure [2](#F2){ref-type="fig"}A-D**). Consistently, limb rIPC blocked the increase in IL-6 mRNA in the lung and liver caused by the CLP challenge (**Figure [S1](#SM0){ref-type="supplementary-material"}A-B**). Furthermore, neutrophil or monocyte infiltration into the kidney was clearly shown by myeloperoxidase (MPO) staining. MPO levels were prominent at 24 h post-CLP in the interstitial area of the kidney (**Figure [2](#F2){ref-type="fig"}E-F**), and limb rIPC efficiently reduced the CLP-induced inflammatory cell infiltration. In the lung and liver, quantification of MPO-positive cells showed a reduction in the rIPC+CLP group compared with the CLP-challenged group (**Figure [S1](#SM0){ref-type="supplementary-material"}C-D**).

Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) was used to detect apoptotic cells in the kidney. Limb rIPC significantly reduced the number of apoptotic cells in the kidney 24 h after CLP (**Figure [2](#F2){ref-type="fig"}F**). In addition, the levels of cleaved caspase-3 and BCL-2, both key mediators of cell apoptosis, were measured. Limb rIPC suppressed the increase in cleaved-caspase3 protein levels and increased BCL-2 protein levels, thereby attenuating the apoptotic effect induced by CLP (**Figure [2](#F2){ref-type="fig"}G-H**). In the lungs but not in the liver, limb rIPC also suppressed the increase in cleaved-caspase3 protein induced by CLP challenge (**Figure [S1](#SM0){ref-type="supplementary-material"}E-F**).

Additionally, we examined the ability of limb rIPC to attenuate renal dysfunction and the effect of anti-inflammatory cytokine production in mice challenged by LPS administration (20 mg/kg). Compared with the LPS group, mice in the rIPC+LPS group showed a reduced level of serum creatinine and decreased IL-6 and TNF-α serum concentrations (24 h after LPS administration) (**Figure [3](#F3){ref-type="fig"}A-C**). In addition, cast formation, tubular cell vacuolization and loss of brush border was observed in the outer stripe of the outer medulla in kidneys with LPS administration. In contrast, mice with limb rIPC before LPS treatment showed mild morphologic changes (**Figure [3](#F3){ref-type="fig"}D**).

Kidney protection by rIPC is abolished in miR-21^-/-^ mice
----------------------------------------------------------

MiR-21, an anti-apoptotic miRNA, was found to be elevated in the kidneys and lungs after limb rIPC treatment (**Figure [4](#F4){ref-type="fig"}A**). The limb skeletal muscle, which is anatomically adjacent to the femoral arteries subjected to ICP, might be the origin of the miR-21 released into the circulation. Indeed, we found that limb rIPC stimulated miR-21 levels in the muscles 24 h after treatment (**Figure [4](#F4){ref-type="fig"}A**). To observe the precise distribution of miR-21, miR-21 levels in murine skeletal muscles, kidneys, lungs and livers were measured at different time points (0, 2, 6, 12 and 24 h) after rIPC. Although a small peak at 2 h and a slight decrease at 6 h were observed post-rIPC in multiple organs, limb rIPC was associated with a progressive increase in miR-21 levels during the period (**Figure [4](#F4){ref-type="fig"}B**). Pre-miR-21, the precursor miRNA product, can be delivered by the enzyme exportin 5 into cytoplasm and further processed into mature miR-21 by another enzyme. Here, the expression of pre-miR-21 in skeletal muscles and kidney was evaluated, and we found that the pre-miR-21 level was significantly upregulated in the muscles but was not increased in the kidney (**Figure [4](#F4){ref-type="fig"}C**). These results suggest that the miR-21 gene might be transcribed in the skeletal muscles of the limbs that had been subjected to short periods of ischemia and reperfusion.

To validate the protective role of miR-21 in septic injury, we utilized a miR-21 knockout (miR21^-/-^) mouse model and concentrated on renal modulation post-rIPC. These mice and their wild-type (WT) littermates were subjected to limb rIPC 24 h before the onset of CLP. As shown in **Figure [4](#F4){ref-type="fig"}D-E**, limb rIPC was unable to suppress the elevations in SCr and NGAL expression in the kidneys of the CLP-challenged miR21^-/-^ mice. Moreover, enzyme-linked immunosorbent assays (ELISA) and MPO staining revealed that preconditioning did not attenuate the damage to CLP-challenged miR21^-/-^ mouse kidneys, such as the increase in pro-inflammatory cytokine production and inflammatory cell infiltration. Accordingly, miR-21 silencing significantly suppressed the anti-apoptotic effects that were evoked by limb rIPC, evidenced by the increased number of apoptotic cells detected in miR-21^-/-^ mice via TUNEL assay (**Figure [4](#F4){ref-type="fig"}F-I**).

Inhibition of HIF-1α abrogates renoprotection induced by rIPC in mice
---------------------------------------------------------------------

HIF-1α plays an essential role in response to hypoxia conditions. Studies have shown that, HIF-1α, a transcription factor, participates in transcription regulation, including miRNA expression [@B49],[@B50]. Among hypoxia-related miRNAs, the feedback loop between miR-21 and HIF-1α has been well established in various pathophysiological processes [@B24]. Our experiments showed that HIF-1α expression was significantly elevated in the muscles at 24 h post rIPC (**Figure [5](#F5){ref-type="fig"}A-B**). However, HIF-1α expression in remote organs was not altered (**Figure [5](#F5){ref-type="fig"}C**). To evaluate the effect of HIF-1α on renoprotection induced by limb rIPC against sepsis, 10 µg HIF-1α siRNA was introduced 2 h before rIPC to knockdown HIF-1α expression in murine skeletal muscles. Application of the siRNA efficiently inhibited HIF-1α protein and mRNA expression compared with the control group (NC/rIPC) (**Figure [5](#F5){ref-type="fig"}D-E**). Correspondingly, the elevated miR-21 level in skeletal muscle in response to rIPC decreased by more than 60% when HIF-1α was inhibited, and in the kidney, a 50% reduction was observed (**Figure [5](#F5){ref-type="fig"}F-G**). Furthermore, inhibition of HIF-1α in preconditioned skeletal muscles reduced the renal protective effect of rIPC against septic injury, and the levels of serum creatinine, NGAL expression and ALT rebounded in the HIF-1α siRNA/rIPC+CLP group compared with those in the NC/rIPC+CLP group (**Figure [5](#F5){ref-type="fig"}H-I**). As shown in **Figure [5](#F5){ref-type="fig"}J-L** and **Figure [S2](#SM0){ref-type="supplementary-material"}**, when blocking the HIF-1α expression in skeletal muscles, even with limb rIPC preconditionning, enhanced inflammatory cytokine expression in the kidney, upregulation of c-caspase3 proteins in the kidney and accelerated inflammatory cell infiltration in multiple organs were detected after CLP challenge.

Exosomes function as carriers that transport miR-21 from ischemic limbs to the kidneys
--------------------------------------------------------------------------------------

As mentioned above, increased miR-21 levels were detected without HIF-1α upregulation in remote organs. We hypothesized that the higher expression of miR-21 in circulation originated from preconditioning of skeletal muscles and miR-21 might be transported to distal tissues via a specific carrier. Extracellular vesicles (EVs) that contain diverse cargoes (proteins, RNA, DNA, and lipids) have emerged as a crosstalk factor in cell-cell communication. In the present study, the double-layered nature of the vesicles, extracted from murine or human serum, was observed by transmission electron microscopy (TEM) (**Figure [6](#F6){ref-type="fig"}A** and **Figure [S3](#SM0){ref-type="supplementary-material"}A**). Then, the results of a nanoparticle tracking system by Dynamic Light Scattering assay revealed that the diameters of the vesicles were within 15-150 nm and, among them, the vesicles with 88.26 nm occupied the majority. Particle dispersion index (PDI) of the isolated vesicles was 0.402. Moreover, flow cytometry and western blotting analysis detected exosome markers, such as CD63 or CD81 (**Figure [6](#F6){ref-type="fig"}B** and **Figure [S3](#SM0){ref-type="supplementary-material"}B**). Finally, we measured the levels of miR-21 in the exosomes at different time points (0, 2, 6, 12 and 24 h) after rIPC. We found that the miR-21 content in murine serum was upregulated 2 h post-rIPC and was stable for 24 h (**Figure [6](#F6){ref-type="fig"}C**). Notably, exosomal miR-21 expression in human serum samples showed a gradual increase from 2 h to 24 h after rIPC (**Figure [6](#F6){ref-type="fig"}D**).

To evaluate whether exosomes could be taken up by target cells, we used murine myotubes differentiated from murine C2C12 cells. The morphology of exosomes obtained from the supernatants of cultured myotubes that were subjected to hypoxia for 6 or 24 h followed by 4 h of reoxygenation treatment (hypoxia and reoxygenation \[H/R\]), was identified by TEM. The presence of the exosome marker CD63 was confirmed by western blotting (**Figure [S3](#SM0){ref-type="supplementary-material"}C-D**). Abundant miR-21 was found in the 24 h H/R myotubes and their exosomes (**Figure [6](#F6){ref-type="fig"}E** and **Figure [S3](#SM0){ref-type="supplementary-material"}E**). As shown in **Figure [S3](#SM0){ref-type="supplementary-material"}F**, the abundance of miR-21 might be associated with the HIF-1α elevation in myotubes with H/R pretreatment. In addition, the serum exosomal miR-21 level significantly decreased when mice were treated with HIF-1α siRNA prior to rIPC (**Figure [S3](#SM0){ref-type="supplementary-material"}G**). Internalization of exosomes derived from H/R myotubes, which were labeled with PKH26 dye, by mouse renal tubular epithelial cells (mTECs) was detected with a confocal microscopy assay (**Figure [6](#F6){ref-type="fig"}F**). Moreover, we observed that myogenin, a muscle-specific promyogenic factor [@B62], was obviously expressed in serum exosomes from mice with limb rIPC compared with the slight expression in serum exosomes from sham-treated mice (**Figure [6](#F6){ref-type="fig"}G**). The results suggest the origination of functional circulating exosomes.

Infusion with exosomes derived from hypoxia-pretreated myotubes attenuates sepsis-associated renal injury
---------------------------------------------------------------------------------------------------------

To analyze the function of H/R myotube-derived exosomal miR-21 in an *in vitro* sepsis model, mTECs were treated with LPS (100 ng/mL) (**Figure [S4](#SM0){ref-type="supplementary-material"}**), and we measured the IL-6 levels in mTEC supernatants, the expression of apoptosis-related proteins and the cell apoptosis ratio. The protection effect mediated by the exosomes was observed in mTECs against LPS challenge (**Figure [7](#F7){ref-type="fig"}A-E**). A loss-of-function analysis was performed *in vitro* using LNA anti-miR-21 (100 nM) (**Figure [7](#F7){ref-type="fig"}F**). The anti-inflammatory function was blocked when miR-21 in exosomes from myotubes was suppressed, shown by the elevated IL-6 concentration in the supernatants of mTECs (**Figure [7](#F7){ref-type="fig"}G**). As shown in **Figure [7](#F7){ref-type="fig"}H-I**, the level of cleaved caspase-3 that rebounded after miR-21 was knocked down in the myotube-derived exosomes, but the expression of BCL-2 was significantly downregulated. Additionally, the exosomes with miR-21 knockdown were unable to reduce the LPS-induced apoptosis of mTECs (**Figure [7](#F7){ref-type="fig"}J-K**).

Our data suggest that miR-21 delivered by exosomes protects the renal tubules from severe injury. For future translational endeavors, we examined the biodistribution of the exosomes derived from H/R myotubes in the circulation of mice without injury and mice challenged by CLP. The exosomes from H/R myotubes, labeled with DiR dye, were intravenously injected into WT mice in the sham group and monitored with an imaging system over 24 h. As shown in **Figure [8](#F8){ref-type="fig"}A**, with mice in the lateral position, fluorescence signals were clearly observed in the lung at 2 h postinjection. The signals gradually migrated to other parenchymal organs and accumulated in the kidney at 6 h postinjection. Until 24 h postinjection, the exosomes with DiR dye maintained stable signals in these organs. In addition, ex vivo imaging of the major organs at 24 h confirmed the presence of exosomes in the lungs, liver and kidneys but only low levels were detected in the heart (**Figure [8](#F8){ref-type="fig"}B**). Meanwhile, as shown in **Figure [8](#F8){ref-type="fig"}A**, signals were also observed in mice in both the supine position and prone position at different time points postinjection. Furthermore, the fluorescence signals were tracked in miR-21^-/-^ mice and their WT litter mates challenged by CLP for different exposure times. The signals were detected at 6 h postinjection, especially in the kidney and were enhanced at 24 h (**Figure [8](#F8){ref-type="fig"}C**).

To assess whether exosomes derived from H/R myotubes could protect organ function in miR-21^-/-^ mice with CLP injury, exogenous exosomes were intravenously injected into miR-21^-/-^ mice immediately after CLP. Initially, 6 h post injection, we observed accumulation of the exosomes labeled with PKH26 dye (red staining) in the renal epithelial cells of miR-21^-/-^ mice challenged by CLP, and the renal cells were characterized by Aquaporin 1 labeling (AQP1, green staining), a marker for renal tubular epithelium (**Figure [9](#F9){ref-type="fig"}A**). In addition, the mice treated with exosomes immediately after CLP showed reduced Scr levels, NGAL protein expression, ALT levels and lung edema formation compared with mice in the phosphate-buffered saline (PBS)-injection group (**Figure [9](#F9){ref-type="fig"}B-D**). As shown in **Figure [9](#F9){ref-type="fig"}E-F**, the concentrations of pro-inflammatory cytokines were decreased in CLP-miR-21^-/-^ mice injected with exosomes from H/R myotubes compared with those in mice injected with PBS. Meanwhile, there was a lower number of MPO-positive cells in the kidneys, lungs and livers from CLP-miR-21^-/-^ mice given the exosome injection (**Figure [S5](#SM0){ref-type="supplementary-material"}**). In addition, lower apoptosis-related protein expression in the kidney was detected in CLP-miR-21^-/-^ mice following injection of H/R myotube-derived exosomes (**Figure [9](#F9){ref-type="fig"}G**). Moreover, we observed the level of HIF-1α in skeletal muscles and miR-21 expression in kidneys from mice 24, 72 and 120 h after rIPC and CLP challenge. As shown in **Figure [S6](#SM0){ref-type="supplementary-material"}A-B**, compared with the sham group, rIPC obviously promoted HIF-1α expression in the skeletal muscles after 24 and 72 h, whereas almost no HIF-1α expression was observed in the muscles after 120 h. Accordingly, the miR-21 level in the kidneys did not decline until 120 h post rIPC+CLP (**Figure [S6](#SM0){ref-type="supplementary-material"}C**). Combined with the survival rate data, these results suggest that the high level of miR-21 in remote organs in response to the increased HIF-1α expression in skeletal muscles induced by rIPC is essential for organ protection and subsequently improved the survival rate against sepsis.

miR-21 regulates signaling of its target PDCD4/NF-κB and PTEN/AKT pathways in the kidney
----------------------------------------------------------------------------------------

*In vivo*, limb rIPC inhibited the elevation in PDCD4 protein levels and further decreased the activation of NF-κB in the kidneys induced by CLP challenge. The alterations in PTEN levels in the kidney were consistent with the variations in PDCD4 expression in the different groups (**Figure [10](#F10){ref-type="fig"}A-B**). Furthermore, after systemic elimination of miR-21, limb rIPC was unable to suppress the PDCD4 expression, NF-κB activity or PTEN expression induced by CLP (**Figure [10](#F10){ref-type="fig"}C-D**). The levels of miR-21-targeted genes and their downstream signaling pathways were analyzed *in vitro*. LPS treatment upregulated PDCD4 and PTEN levels, further inhibited AKT phosphorylation and stimulated phospho-P65 in mouse renal tubular epithelial cells. PDCD-4/NF-κB pathway and PTEN signaling were inhibited by preadministration of myotube-derived exosomes in mTECs. (**Figure [10](#F10){ref-type="fig"}E-F**). Preadministration of myotube-derived exosomes with LNA anti-miR-21 (100 nM) failed to efficiently suppress these targets in mTECs compared with cells treated with the anti-scramble construct after LPS treatment (**Figure [10](#F10){ref-type="fig"}G-H**).

Infusion with serum exosomes derived from rIPC-treated mice protects recipient mice from CLP injury
---------------------------------------------------------------------------------------------------

A study was performed to determine whether circulating exosomes derived from rIPC-treated mice (r-EXO) have therapeutic effects in CLP-challenged mice. As shown in **Figure [11](#F11){ref-type="fig"}A**, compared with mice given an I.V. injection of exosomes derived from sham mice (S-EXO) or mice treated with normal saline (NS), mice injected with r-EXO (200 μg in 100 μL NS) showed an increased miR-21 expression level. Then, autologous r-EXO, S-EXO or NS were administered via I.V. injection to mice immediately after CLP execution. rIPC-treated serum exosomes improved renal function by inhibiting the increase in serum creatinine and the expression of NGAL protein in CLP-challenged mice (**Figure [11](#F11){ref-type="fig"}B-C**). Meanwhile, an improvement in liver and pulmonary function was detected in r-EXO-injected CLP mice, evidenced by the decline in ALT level and the alleviation of lung edema (**Figure [11](#F11){ref-type="fig"}D-E**). r-EXO injection also significantly reduced the level of IL-6 mRNA and downregulated the expression of c-caspase3 in the kidneys (**Figure [11](#F11){ref-type="fig"}F-G**). According to the upregulated renal miR-21 level, the downstream signaling protein (PDCD-4 and PTEN) levels slightly declined in the kidneys of the r-EXO-injected mice (**Figure [11](#F11){ref-type="fig"}G**). The results suggest a potent therapeutic effect of exosomes from rIPC serum against sepsis.

Discussion
==========

In the present study, we demonstrated that limb rIPC protected mouse kidneys from septic AKI. This protective effect was associated with elevation of miR-21 in mouse serum exosomes and inhibition of miR-21 target signaling in the kidney. The renoprotection was abolished by systemic deletion of miR-21 or inhibition of HIF-1α expression in skeletal muscles. Additionally, infusion of exogenous exosomes efficiently protected miR-21^-/-^ and WT mice from sepsis-induced organ injury. These findings indicate that, via shuttling of exosomal miR-21, limb rIPC might play a crucial role in preserving renal function against septic AKI and shows potential therapeutic value.

Our results, combined with those of other studies, reveal that more emphasis should be placed on a solution addressing the release of inflammatory cytokines and the loss of tubular epithelial cells in response to sepsis to prevent sepsis-induced AKI [@B25]-[@B27]. MiR-21, a well-established modulator [@B21],[@B28], [@B29], has several validated targets, including PDCD-4 and PTEN, both of which act as efficient pro-apoptotic regulators [@B30]-[@B33]. PDCD-4 is also involved in promoting inflammation. Higher miR-21 expression results in lower PDCD-4 expression after LPS administration, and this effect is due to abrogation of NF-κB activity [@B34]. In agreement with these previous studies, we found that the abundant expression of miR-21 in kidneys, which was a response to limb rIPC, suppressed PDCD-4 and PTEN expression, decreased NF-kB activity, downregulated cleaved caspase3 expression, and consequently reduced inflammation and apoptosis, attenuating renal injury induced by sepsis. Limb rIPC was shown to exert renal protective effects by upregulating miR-21 expression because inhibition or deletion of miR-21 abolished the renoprotection in sepsis, suggesting that miR-21 may be essential for organ protection. However, direct administration of anti-miR-21 or a miR-21 mimic appears to be limited in application due to their systemic and disease-specific effects [@B35]. Therefore, a search for an appropriate means of application is necessary. In the present study, we demonstrated that high systemic expression of miR-21, possibly derived from skeletal muscles, could be promoted by limb rIPC, and this beneficial stimulus remained efficient for 24 h.

IPC that is applied to multiple parenchymal organs confers strong protective effects in local tissue against subsequent injury [@B36],[@B37]. In a previous study examining IPC in the kidney, the short-lived episodes of renal ischemia was demonstrated to be an efficient stimulus to evoke upregulation of local miR-21 expression, which serves as a protective effector against sepsis injury [@B20]. However, the obvious hazards of directly applying IPC to parenchymal organs restrict its application. Limb rIPC induced in femoral arteries is a potentially safer and more promising tool to benefit septic organs [@B12],[@B38],[@B39]. Limb rIPC has been applied in some clinical studies and shows a potential advantage in renal protection among AKI patients [@B8]. A brief episode of ischemia and reperfusion in the bilateral iliac vessels of patients lessens the incidence of postoperative renal injury [@B40]. Here, we first show the protective efficacy of limb rIPC against septic AKI. In our mouse models, the increased miR-21 produced was available in mice with IPC of the limbs. We also measured the level of miR-21 at different time points following exposure to limb rIPC. A high miR-21 level was observed in skeletal muscles and multiple organs at 2 h post-rIPC but dropped slightly at 6 h, and stable miR-21 expression was maintained for 24 h post-rIPC. These increases in miR-21 expression may be achieved by accurate blocking of the lower extremity arteries in mice [@B41]-[@B43].

HIF-1α, an important transcription factor, has been well-documented as an oxygen-sensitive mediator to orchestrate protective process in response to hypoxia [@B44]-[@B46]. Many studies have demonstrated that HIF-1α is an efficient regulator of early and delayed IPC against subsequent ischemia injury [@B47],[@B48]. In addition, a number of studies have investigated the role of HIF-1α in regulating miRNA function through miRNA translocation to the nucleus and binding with hypoxia-responsive element sequences in target promoters [@B49]-[@B51]. According to our previous study, a potential hypoxia-responsive element (HRE) binding site is present in the promoter region of miR-21, which is positively modulated by increases in HIF-1α expression [@B20]. Therefore, HIF-1α, the recognized factor present under ischemic conditions [@B52], may explain the effects of limb rIPC and subsequent miR-21 production against CLP challenge observed in the present study. We also observed that knockdown of HIF-1α in skeletal muscle inhibited miR-21 expression post-rIPC and abrogated its protective effect against CLP, and these data further suggested the critical importance of miR-21 in protecting the mice from septic AKI, depending on the accumulation and stabilization of HIF-1α induced by limb rIPC.

However, HIF-1α activation was not detected in the kidney or lung, while high miR-21 expression was found at these sites, which suggested a potential carrier that delivers the miRNA into these target organs. Exosomes, which are a type of nanoparticle, function as intercellular shuttles that bud from the host cell membrane and carry information to recipient cells [@B53]-[@B55]. In this study, we demonstrated that exosomes derived from cultured H/R myotubes successfully fused with the membranes of mTECs. Upregulation of miR-21 in myotube-derived exosomes clearly inhibited inflammation and apoptosis in an *in vitro* septic AKI model. Additionally, secreted exosomes can be transferred in biological fluids to interact with remote organs [@B56]. As shown in our study, miR-21 expression in exosomes extracted from the serum of mice with limb rIPC and humans with noninvasive rIPC was significantly upregulated and sustained for 24 h, which met the requirements of remote organ protection in the mouse CLP model, and HIF-1α knockdown inhibited miR-21 expression in circulating exosomes. Therefore, exosomes might be reliable cargo carriers for the effectors of limb rIPC. Additionally, infusion of exosomes derived from H/R myotubes into CLP model mice was performed, and replenishment of the exogenous exosomes, with abundant miR-21 expression, restored the renal function of miR-21^-/-^ mice. Rescue experiments with stem cell-derived exosomes have also been validated based on the improvement in spatial learning of mice suffering from Alzheimer\'s disease (AD) [@B57]. The previous data combined with our results suggest that exosome infusion is a promising approach for treatment and prevention of septic AKI as well as for other diseases.

This study has some limitations. Although limb rIPC efficiently induced higher expression of myogenin protein, a muscle differentiation marker [@B62], in mouse serum exosomes, whether exosomal miR-21 in circulation is directly produced by skeletal muscles remains unclear. Meanwhile, whether any additional effectors or miRNAs are involved in the observed renal protection has not been elaborated and requires further investigation.

In conclusion, our present data indicate that the systemic upregulation of miR-21 induced by limb rIPC confers anti-inflammatory and anti-apoptotic effects against septic AKI. This enriched miRNA is likely transferred via exosomes to benefit distant organs. Limb rIPC might serve as a possible therapeutic strategy and potentially lead to progress in translation of rIPC from the bench to the bedside.

Methods
=======

Animals
-------

Male miR-21^-/-^ (C57BL/6) mice and their WT littermates were generated by Shanghai Model Organisms Center, Inc. Before surgery, mice aged 8-10 weeks were bred in our animal facilities with free access to sterile water and clean food. Mice weighing 20-25 g were used in our experiments. The mice were randomized into the following groups: a sham group, rIPC group, CLP group and rIPC+CLP group and an NS-injection (intraperitoneal injection) group, LPS-injection group and rIPC+LPS group (n = 4-6 in each group). The mice in all groups were anaesthetized by intraperitoneal (IP) injection of 1% (50 mg/kg) sodium pentobarbital before surgery. The experiments were approved by the Institutional Animal Care and Use Committee of Fudan University.

Human sample collection
-----------------------

This study was conducted with the permission of the ethics committee of Fudan University. Written consent was obtained from each healthy participant, who had a negative medical history for any cardio-cerebrovascular disease and who was informed of the procedure and potential risk. rIPC was performed with four cycles of a 5-min inflation to 200 mmHg and a 5-min deflation with a manually operated upper-arm cuff inflator. Ten-milliliter serum separator tubes were used to collect blood samples before rIPC was performed and at 2, 12, and 24 h after rIPC. The samples were centrifuged at 2,500 ×*g* for 10 min for serum extraction, and the serum was stored at -80 °C.

Limb remote ischemic preconditioning
------------------------------------

An incision was made in the femoral triangle in mice of all groups, and the bilateral femoral arteries were separated from the femoral artery sheaths and subsequently received 4 cycles of I/R with 5 min of clamping and 5 min of unclamping using microvascular clips. The mice in the sham group and the mice to be challenged with CLP underwent identical surgical procedures, except the sham group did not undergo clamping of the arteries.

Induction of polymicrobial sepsis and endotoxemia in mice
---------------------------------------------------------

Abdominal sepsis was induced according to a previous procedure [@B58]. Briefly, the cecum was brought outside the mouse and returned to the abdomen; however, the sham group and rIPC alone group were not subjected to cecal puncture or perforation or the squeezing of a small amount of feces. The endotoxemia mouse model was induced via intraperitoneal injection of LPS from Escherichia coli 055:B5 (Sigma, St. Louis, MO) at a dose of 20 mg/kg. Intraperitoneal injection of saline served as the control.

Survival rate analysis
----------------------

The mice were divided into three groups: a sham group, CLP group and rIPC+CLP group (n = 10 in each group). After CLP execution, mice in multiple groups were observed for an additional time (7 days) to assess the survival rate. The time of death for these animals was observed and recorded by one researcher who was blinded to the assignment.

Cell culture and H/R
--------------------

Mouse renal tubular epithelial cells (mTECs) were a gift from the Urology Department of Zhongshan Hospital affiliated with Fudan University. The cells were cultured in DMEM with 10% fetal bovine serum (FBS) in a humidified incubator with 5% CO~2~/95% air. C2C12 cells (American Type Culture Collection, USA) were cultured in DMEM supplemented with 4.5 mg glucose and 10% FBS in a 5% CO~2~/95% air incubator at 37 °C. When the cultured C2C12 cells reached 100% confluence, myotubes differentiation was induced by incubating the cells with DMEM and 2% horse serum (HS) for 5 to 7 days. For hypoxia, myotubes were washed with PBS twice, cultured in DMEM without FBS, and transferred to a hypoxia incubator (Thermo scientific, USA), which was equipped with a gas mixture comprising 1% O~2~ and 5% CO~2~, balanced with N~2~). The hypoxia and reoxygenation (H/R) protocol consisted of 6 or 24 h of hypoxia followed by 4 h of reoxygenation. Before this step, partial myotubes were transfected with 100 nM LNA anti-miR-21 using Lipofectamine 3000 for 48 h to eliminate miR-21 expression, and cells transfected with anti-Scramble were set as the control.

A cellular septic AKI model was generated with LPS. mTECs were treated with 100 ng/mL LPS for 24 h, and the cells in the control group were treated with cell culture medium (vehicle).

Isolation and injection of exosomes
-----------------------------------

Exosomes were isolated from mouse serum, human serum samples and supernatants of myotubes as previously described with some modifications [@B59]. Differentiated C2C12 cells (myotubes) were grown in 10-cm dishes in DMEM without FBS under H/R or normoxia treatment. Then, the medium was collected, centrifuged at 3,000 ×*g* for 15 min and filtered through a 0.2-mm pore filter (Millipore, USA). The collected supernatant was then ultracentrifuged at 100,000 ×*g* for 6 h at 4 °C. Afterwards, PBS or a specific buffer was used to dilute the extractions. Serum samples were mixed in 11 mL of PBS and filtered through a 0.2-mm pore filter. Then, the mixture was ultracentrifuged at 100,000 ×*g* overnight at 4 °C. Afterwards, the supernatants were discarded, and the pellets were diluted in PBS or other buffers for further identification or analysis. The protein concentrations of the isolated exosomes were evaluated with bicinchoninic acid assay (BCA) protein assays. Mice were treated with the cell-derived exosomes (30 μg) or autologous murine serum-derived exosomes (200 μg) through the lateral caudal vein immediately after the CLP challenge. The control group was injected with PBS.

Serum creatinine and lung edema
-------------------------------

A total of 0.7-1.0 mL of blood was collected from the jugular veins of mice. The serum was gathered after centrifugation at 3,000 ×*g* for 25 min. The serum creatinine concentrations were determined using a creatinine assay kit (Bio Assay Systems, USA). The left lung was then air-dried at 60 °C for 72 h and reweighed. The wet weight to dry weight ratio was determined to indicate the formation of lung edema.

Alanine transaminase assays
---------------------------

The serum alanine transaminase (ALT) level in each sample was evaluated using an Alanine Transaminase Assay Kit (BioAssay Systems, USA) in accordance with the manufacturer\'s instructions.

Histology
---------

Tissues were fixed in 4% formaldehyde phosphate buffer overnight and then dehydrated, followed by paraffin embedding; 4-µm sections were prepared and stained with hematoxylin and eosin (HE). The tissue injury scores were quantified in a blinded fashion. Renal tissue injury was determined as follows: tubular dilatation, vacuolization, tubular cell necrosis, loss of brush border, interstitial edema and inflammatory cell infiltration.

ELISAs
------

The IL-6 and TNF-α levels in the serum and kidneys were measured with commercial ELISA kits (R&D Systems Inc., USA), and NF-κB activity in renal tissues was measured using a Trans AM NF-κB p65 kit (Active Motif, CA, USA).

Immunohistochemical staining
----------------------------

Immunohistochemical staining was performed on 4-µm paraffinized sections. The samples were dewaxed, dehydrated, washed in PBS, incubated with 3% H~2~O~2~ for 20 min to quench endogenous peroxidase activity and incubated with normal goat serum (1:20) for 30 min. Afterward, the samples were treated with anti-MPO antibody (rabbit polyclonal, 1:500; Servicebio, China) at 4 °C overnight. The sections were then incubated with a horseradish peroxidase-conjugated secondary antibody (anti-rabbit IgG; Servicebio, China) for 2 h at room temperature. After being washed three times with PBS, the sections were stained with 3,30-diaminobenzidine (DAKO, China) and subsequently stained with hematoxylin. Then, the number of positive cells was evaluated under a light microscope. Ten areas were randomly selected. The sections were scored according to the number of MPO-positive cells per high power field (HP) in a blinded manner.

TUNEL assay
-----------

To determine the level of cell apoptosis in the kidneys, TUNEL assays were performed using a commercial kit (FragEL DNA Fragmentation Detection Kit; Millipore, USA) according to the manufacturer\'s protocol. The number of staining-positive cells in ten random areas was determined using a light microscope. The TUNEL-positive cells are expressed as the number of staining-positive cells per high power field (HP).

Western blotting
----------------

Western blotting was performed as described in a previous study [@B60]. Antibodies targeting the following proteins were used: CD63 and PDCD4 (Novus, CO, USA); BCL-2, total caspase3, cleaved- caspase3, p-AKT, AKT, PTEN, p-P65 and P65 (Cell Signaling Technology, MA, USA); HIF-1α (Bioworld, MN, USA); NGAL (R&D systems, USA); myogenin (R&D systems, USA) and GAPDH (Santa Cruz Biotechnology, TX, USA).

qPCR assay
----------

TRIzol (Sigma, USA) was introduced to extract total RNA from kidneys, lungs, serum exosomes, mTECs, differentiated C2C12 cells (myotubes) and cell supernatant exosomes. The IL-6 mRNA, TNF-α mRNA and miR-21 expression levels were analyzed via real-time PCR as described in a previous study (β-actin and U6 were set as the housekeeping genes, respectively) [@B61].

Extraction of exosomal proteins and RNA
---------------------------------------

Pelleted exosomes from serum were resuspended in 500 µL of TRIzol (Sigma, USA) for qPCR analysis or in 200 µL of lysis buffer (Beyotime Biotechnology, China) for protein analysis, while exosomes from the cell supernatants were diluted in 250 µL of TRIzol or 100 µL of lysis buffer [@B59].

Confocal microscopy
-------------------

For exosome uptake analysis, exosomes derived from myotubes (1×10^6^) treated with H/R were diluted in 100 µL of PBS. Subsequently, the suspension was incubated with 0.2 µL of PKH26 (Sigma, USA) combined with 10 µL of Diluent C for 5 min at 37 °C. Then, 120 µL of 1% BSA was added to stop the reaction, and the mixture was further suspended in 1 mL of PBS. Afterward, 100 µL of Exosome Precipitation Solution from an ExoQuick TC kit was added and incubated with the mixture overnight at 4 °C. Then, a pellet of the mixture was obtained by centrifugation at 1,500 ×*g* for 30 min, and 200 µL of the resuspended pellet was transferred to mTECs that had been grown on coverslips for 12 h in a 5% CO~2~/95% air incubator at 37 °C. DAPI was used for nuclear staining. Images were recorded on a Zeiss LSM 700 confocal microscope (Germany). The z-stacks were 0.36 μm.

Flow cytometry
--------------

The ratio of apoptotic mTECs was determined by flow cytometric analysis with an Annexin V/PI kit (BD Bioscience, USA) according to the manufacturer\'s instructions.

Transmission electron microscopy
--------------------------------

To examine the morphology of exosomes, electron microscopic analysis was performed. A suspension of the exosome pellet was mixed with an equal volume of 4% paraformaldehyde, placed on a Formvar-carbon-coated electron microscopy grid, incubated with 1% glutaraldehyde for 5 min, and subjected to standard uranyl acetate staining. The sample was washed with PBS and observed using a transmission electron microscope (Hitachi H7500 TEM, Japan). A microBAR was used to evaluate the diameters of the exosomes.

Nanoparticle trafficking analysis
---------------------------------

The size distribution and concentration of the extracted exosomes were determined using a nanoparticle tracking system (ZETASIZER Nano Series, UK) by Dynamic Light Scattering (DLS) assay according to a previous study [@B60]. After isolation, the particles were resuspended in 1 mL of filtered PBS. Filtered PBS was used as the control.

HIF-1α siRNA injection into skeletal muscles
--------------------------------------------

To knock down HIF-1α expression in murine skeletal muscles, HIF-1α siRNA (GenePharma, China) mixed with *in vivo* jetPEI (Polyplus transfection, USA) was delivered to the skeletal muscles at two different sites (the adductor muscle and the gastrocnemius) of the bilateral hind limbs by intramuscular injection. To prepare PEI-siRNA mixtures, according to the manufacturer\'s protocol, HIF-1α siRNA (10 µg) or a negative control (NC) in 5% glucose was mixed with jetPEI solution to achieve a 100-µL total injection volume. After 2 h, the mice in the different groups were subjected to brief ischemia and reperfusion.

Fluorescence imaging of DiR exosomes
------------------------------------

Isolated exosomes were incubated with 35 μg/mL Lipophilic Tracers-DiR buffer for 30 min at 37 °C according to the manufacturer\'s protocol (Invitrogen, USA). One percent BSA was added to terminate the reaction. Then, the DiR-exosome mixture was mixed with an identical volume of ExoQuick Exosome Precipitation Solution (System Biosciences, USA) and incubated at 4 °C overnight. Then, to remove the residual dye, the mixture was centrifuged at 14,000 ×*g* for 15 min. DiR exosomes (30 μg) were then resuspended in 200 µL PBS buffer.

DiR exosomes (30 μg) were intravenously injected into mice (n = 3) in different groups. The biodistribution of DiR exosomes was monitored using a HealthCare Stream system (USA) at 0, 2, 6, 12, and 24 h postinjection. Filters allowing excitation at 720 nm and collection of emission at 790 nm were used to obtain ideal images. Identical experimental conditions were used in all mice, which were photographed in lateral, supine and prone positions. Mouse heart, lung, liver and kidneys were dissected for ex vivo evaluation at 24 h postinjection. Grayscale backgrounds and fluorescence images of each sample were overlaid using the HealthCare Stream system software (USA).

miR-21 knockout mice
--------------------

miR-21 knockout mice were generated in Shanghai Model Organisms Center, Inc. The mouse generation details have been elaborated in previous studies [@B20].

Knockout mice were identified by RT-PCR with the following primers: forward, 5\'-CAGAATTGCCCAGGCTTTTA-3\'; and reverse, 5\'- AATCCATGAGGCAAGGTGAC -3\'.

Statistical analysis
--------------------

All results are presented as the mean ± S.E.M. Unpaired t-tests and one-way ANOVA were performed using GraphPad Prism version 6.0 software for Mac (GraphPad Software, Inc., USA) to determine p-values. P\<0.05 was defined as statistically significant. The normal distribution of data was assessed by the Kolmogorov-Smirnov test.
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![**Limb remote ischemic preconditioning ameliorates sepsis-induced acute organ injury.** Mice received short episodes of ischemia and reperfusion in the bilateral limbs 24 h before CLP. **(A)** Serum creatinine (SCr) was measured (n = 6, in each group). **(B)** Immunoblot analysis of neutrophil gelatinase-associated lipocalin (NGAL) expression in the kidney was tested (sham: n = 3, CLP: n = 5, rIPC+CLP: n = 5). **(C)** Serum alanine transaminase (ALT) was evaluated (n = 6, in each group). **(D)** Edema formation in the lung determined by calculation of the wet/dry ratio (n = 6, in each group). **(E)** The survival rate of mice after CLP injury with rIPC treatment (n = 10, in each group). **(F-G)** Morphological changes in the kidney, liver and lung and quantification of histological damage in the kidney and lung. Tissue sections were stained with hematoxylin and eosin (HE) (scale bar: 25 μm); black arrow in the kidney and liver images indicates cell vacuolization; blue arrow indicates inflammatory cell infiltration) (n = 5, in each group). \*p \< 0.05, and \*\*p \< 0.01. The data are presented as the mean ± SEM. Each experiment was replicated more than three times.](thnov09p0405g001){#F1}

![**Limb rIPC reduced inflammation and apoptosis in CLP-challenged mice. (A-B)** Enzyme-linked immunosorbent assay (ELISA) of interleukin (IL)-6 and tumor necrosis factor (TNF)-α in serum in different groups at 6 or 24 h. **(C-D)** ELISA of IL-6 and TNF-α in kidneys at 24 h in different groups. **(E)** Myeloperoxidase (MPO)-positive staining for inflammatory cell infiltration in renal sections (scale bar, 25 μm). **(F)** Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)-positive cells in renal sections (scale bar, 50 μm). **(G-I)** Immunoblot analysis of B-cell lymphoma (BCL)-2 and cleaved caspase-3 (c-caspase3) protein expression in kidneys 24 h after CLP with limb rIPC. Limb rIPC upregulated BCL-2 and downregulated c-caspase3 expression. (n = 4, or n = 6). \*p \< 0.05, and \*\*p \< 0.01. The data are presented as the mean ± SEM.](thnov09p0405g002){#F2}

![**Limb rIPC ameliorates LPS-induced acute kidney injury.** Mice received short episodes of ischemia and reperfusion in the bilateral limbs 24 h before lipopolysaccharide (LPS) administration (20 mg/kg). **(A-C)** Serum creatinine and serum pro-inflammatory cytokine concentrations were analyzed in LPS-challenged mice with or without limb rIPC. (n = 4, or n = 6). **(D)** Morphological changes in the kidney. Kidney sections were stained with hematoxylin and eosin (HE) (scale bar, 50 μm); black arrow indicates cell vacuolization or cast formation). \*p \< 0.05, and \*\*p \< 0.01. The data are presented as the mean ± SEM.](thnov09p0405g003){#F3}

![**MiR-21 knockout abrogates the renal protection conferred by limb rIPC.** Mice in the limb rIPC group were preconditioned with 4 cycles of clamping for 5 min and unclamping for 5 min in the bilateral femoral arteries. **(A)** miR-21 expression was elevated after 24 h in the kidneys, lungs and skeletal muscles of mice that received limb rIPC compared with the sham group mice (who underwent all surgical procedures except femoral artery clamping) (n = 4). **(B)** miR-21 expression in the skeletal muscles, kidneys, lungs and livers of mice at different time points (n = 4). **(C)** Pre-miR-21 expression in skeletal muscles and kidneys; the expression of the precursor miRNA product was significantly increased in skeletal muscles with limb rIPC but showed no significant change in the kidney (n = 4). **(D-I)** miR-21^-/-^ mice and their wild-type littermates were subjected to limb rIPC and subsequent CLP challenge; the interval was 24 h. Renal function, inflammation and apoptosis were analyzed. (D-E) miR-21 knockout increased the serum creatinine and NGAL levels (n ≥ 4). (F-G) Enzyme-linked immunosorbent assay of IL-6 and TNF-α production in serum. H and I, Kidney sections were stained for MPO to assess the number of infiltrated inflammatory cells in kidney sections (scale bar, 25 μm). The mean number of MPO-positive cells in renal sections was analyzed. TUNEL staining was performed to examine apoptotic cells (scale bar, 50 μm). The mean number of TUNEL-positive cells in renal sections was calculated. \*p \< 0.05, and \*\*p \< 0.01. The data are presented as the mean ± SEM.](thnov09p0405g004){#F4}

![**Knockdown of HIF-1α in skeletal muscles abolishes the systemic miR-21 expression and renal protective effect induced by rIPC. (A-B)** Immunoblot analysis of HIF-1α protein in skeletal muscles. HIF-1α expression was parallel to the miR-21 level and enhanced with limb rIPC. (n ≥ 3). **(C)** Immunoblot analysis of HIF-1α protein in the kidneys and lungs. There was no significant difference between the sham and rIPC groups. (n ≥ 3). **(D-F)** HIF-1α siRNA (10 µg) was injected into skeletal muscles 2 h prior to rIPC to knockdown of HIF-1α expression. A negative control (NC) was used in the control group. (D-E) Immunoblot analysis of HIF-1α protein expression and qPCR assay of HIF-1α mRNA levels in skeletal muscles (n ≥ 3). (F) qPCR assay of miR-21 expression in skeletal muscles using HIF-1α siRNA or NC prior to rIPC. (n ≥ 4). **(G)** qPCR assay of miR-21 expression in the kidney after HIF-1α siRNA or NC treatment prior to rIPC (n ≥ 4). **(H-I)** Evaluation of the Scr level and NGAL expression in kidneys after treatment with HIF-1α siRNA or NC (n ≥ 4). **(J-K)** mRNA levels of pro-inflammatory cytokines in the kidney were measured via qPCR (n ≥ 4). **(L)** Apoptosis-related protein expression in kidneys was measured via immunoblot analysis (n ≥ 3). \*p \< 0.05, and \*\*p \< 0.01. The data are presented as the mean ± SEM.](thnov09p0405g005){#F5}

![**Identification of exosomes and analysis of the exosomal miR-21 content. (A-B)** Morphological analysis of serum exosomes from mice. (A) Electron micrograph showing the diameter of the small particles collected from mouse serum post rIPC. Scale bar, 100 nm. (B) Characterization of exosomes via analysis of the expression of the mouse serum exosomal markers CD63 and CD81 via flow cytometry. A nanoparticle trafficking system (NTA) was used to analyze the sizes and concentrations of the mouse serum exosomes. According to the NTA, the particle sizes ranged between 15 and 150 nm, and the principle peak size of the particles was 88.26 nm. Particle dispersion index (PDI) of the isolated particles was 0.402. (n = 3). **(C-D)** miR-21 expression in the exosomes from mouse or human serum at different time points post rIPC based on qPCR (n = 4). **(E)** miR-21 expression in myotubes (under hypoxia and reoxygenation or normoxia) was measured via qPCR (n = 4). **(F)** Myotube (under hypoxia and reoxygenation)-derived exosomes labeled with PKH-26 dye were internalized by mouse renal tubule epithelial cells (mTECs). The nuclei of mTECs were stained with DAPI. (Scale bar, 40 µm). **(G)** Myogenin, a muscle-specific promyogenic factor, was analyzed by immunoblot assay, and expression of the protein was significantly increased in serum exosomes after rIPC (myogenin expression in C2C12 cells and in myotubes were set as the negative and positive controls, respectively). \*p \< 0.05, and \*\*p \< 0.01. The data are presented as the mean ± SEM.](thnov09p0405g006){#F6}

![**Myotube-derived exosomes protect mTECs from LPS-induced injury via miR-21 elevation. (A-E)** Prior to LPS (100 ng/mL) challenge, mTECs were administered with exosomes derived from H/R myotubes. (A) Enzyme-linked immunosorbent assay of interleukin (IL)-6 in the supernatants of mTECs. (B-C) Immunoblot assay to assess the expression of the apoptosis-related proteins BCL-2 and cleaved-caspase3. (D-E) Annexin V/PI dual staining for cell apoptosis measurements (n ≥ 3). **(F-K)** LNA anti-miR-21 (100 nM, 24 h) was applied to myotubes to eliminate miR-21 expression before hypoxia and reoxygenation preconditioning; the control group was treated with anti-Scramble. (F) qPCR was used to measure the level of miR-21 after treatment with LNA anti-miR-21 (100 nM, 24 h) or with anti-scramble. LNA anti-miR-21 efficiently knocked down the miR-21 level in myotubes (n = 4). (G) Supernatant concentrations of IL-6 were measured using an enzyme-linked immunosorbent assay (n = 4). (H-I) Immunoblot analysis of the expression of apoptosis-related proteins (n = 3). (J-K) Annexin V/PI dual staining for cell apoptosis measurements. Representative density plots of cell apoptosis after staining are shown. The proportion of apoptotic cells is presented for both early (Annexin V+/PI -) and late (Annexin V+/PI+) apoptotic cells in comparison with the proportion of live cells (Annexin V-/PI-) (n ≥ 3). \*p \< 0.05, and \*\*p \< 0.01. The data are presented as the mean ± SEM.](thnov09p0405g007){#F7}

![**The biodistribution of exogenous exosomes in mice with or without CLP challenge.** Exosomes (30 µg) from hypoxia-pretreated myotubes were infused into mice immediately after CLP execution. The control group were infused with an equivalent volume of PBS**. (A)** *In vivo* fluorescence images of WT mice in the sham group at 0, 2, 6, 12, and 24 h post injection with DiR-myotubes in the lateral, supine and prone position (n = 3). **(B)** Ex vivo signals in the dissected organs at 24 h postinjection (n = 3). **(C)** *In vivo* fluorescence images in the lateral position of WT mice and miR-21^-/-^ mice both in the CLP group at 0, 6, and 24 h post injection of DiR-myotubes (n = 3).](thnov09p0405g008){#F8}

![**Exosomal miR-21 rescues the organ dysfunction of miR-21^-/-^ mice with CLP injury.** Exosomes (30 µg) from hypoxia-pretreated myotubes were infused into miR-21^-/-^ mice immediately after CLP. **(A)** Confocal microscopy analysis of exosomes labeled with PKH26 dye (red) in mouse renal tubular epithelium (AQP1, green) of miR-21^-/-^ mice. The nuclei of the epithelial cells were stained with DAPI. The upper panel shows the negative control cells without exosome injection. (Scale bar, 40 µm). **(B)** Evaluation of serum creatinine and NGAL protein expression was performed in CLP-challenged miR-21^-/-^ mice after exosome infusion (n ≥ 3). **(C)** Serum alanine transaminase (ALT) was also measured among different groups of miR-21^-/-^ mice (n = 4). **(D)** The degree of lung edema was analyzed according to the tissue wet/dry weight ratio in miR-21^-/-^ mice (n = 4). **(E-F)** IL-6 and TNF-α mRNA expression in kidneys after exosome infusion and CLP in miR21^-/-^ mice determined by qPCR (n = 4). **(G)** Immunoblot analysis of cleaved caspase-3 (c-caspase3) in kidneys after exosome infusion and CLP in miR21^-/-^ mice (n ≥ 3). \*p \< 0.05, and \*\*p \< 0.01. The data are presented as the mean ± SEM.](thnov09p0405g009){#F9}

![**miR-21 inhibits the PDCD4/NF-κB and PTEN signaling pathways in the kidney. (A, C)** Immunoblot analysis showing that limb rIPC suppressed PDCD-4 and PTEN expression in the kidneys induced by CLP challenge (n ≥ 3). MiR-21 knockout significantly upregulated PDCD-4 and PTEN expression, even after limb rIPC, compared with the WT littermates that received CLP 24 h after limb rIPC (n ≥ 3). **(B, D)** Assessment of NF-κB activity in the kidneys; limb rIPC inhibited NF-κB activity (n ≥ 3). NF-κB activity was increased in miR-21 knockout mice compared with that in WT littermates (n ≥ 4). **(E, G)** Immunoblot analysis of mTECs; LPS administration upregulated the PDCD-4, PTEN and phospho-P65 (p-P65) levels in mTECs and downregulated phospho-AKT (p-AKT) levels. Preadministration of myotube-derived exosomes reversed the levels of the above proteins in mTECs (n ≥ 3). **(F, H)** Myotube-derived exosomes were pretransferred with LNA anti-miR-21, and the control cells were pretransferred with an anti-Scramble construct. Exosomes with miR-21 knockdown were incapable of reducing the PDCD-4, PTEN and phospho-P65 levels induced by LPS in mTECs, while AKT phosphorylation was suppressed (n ≥ 3). \*p \< 0.05, and \*\*p \< 0.01. The data are presented as the mean ± SEM.](thnov09p0405g010){#F10}

![**Exosomes derived from rIPC-treated mice protected mice from CLP injury.** Exosomes (200 µg in 100 µL of NS) extracted from the serum of rIPC-treated mice, sham-treated mice or normal saline (NS)-treated mice were infused into recipient mice immediately after CLP challenge. Mice were divided into the following groups: a sham group, NS/CLP group, sham-exosome-treated group (S-EXO/CLP) and rIPC-exosome-treated group (r-EXO/CLP). **(A)** miR-21 levels were evaluated among mice infused with NS, S-EXO or r-EXO without CLP injury. r-EXO infusion significantly upregulated miR-21 expression in the kidneys of mice compared with S-EXO-treated mice (n = 6). **(B)** The serum creatinine and NGAL protein expression was level assessed in various groups (n = 6). **(C-D)** The alanine transaminase (ALT) level and degree of lung edema were also evaluated (n = 6). **(E)** qPCR assay of the IL-6 mRNA expression level in kidneys (n = 6). **(G)** Immunoblot analysis of cleaved caspase-3 (c-caspase3) and signaling proteins related to miR-21 (PDCD-4 and PTEN) in kidneys (n = 6). \*p \< 0.05, and \*\*p \< 0.01. The data are presented as the mean ± SEM.](thnov09p0405g011){#F11}
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